Aim: This study examined the effects on disinfection by-product (DBP) concentrations of common household methods for processing drinking water.
INTRODUCTION
In most studies of health effects of DBPs, an ecological measure of exposure, such as DBP concentration in a water supply distribution system, has been used as a surrogate measure of individual exposure. However, DBP levels can vary in a distribution system depending on temperature, distance from the point of chlorination, and the amount of organic matter in the water (Villanueva et al. ) . Thus individuals' exposure will vary depending on the concentration of DBPs in the water they drink at home, work and elsewhere.
It will also vary depending on how water is processed shortly before it is consumed; the nature and concentration of DBPs in drinking water may change when tap water is boiled, filtered with a point of use device (e.g. filter jugs, plumbed kitchen filters) or stored in a refrigerator (Wu et Most of the relevant studies also measured the effect of boiling water for one to five minutes. In Australia and many other high income countries, water for hot drinks is boiled in an electric kettle or an instant boiling water unit (ZIP Industries ). Most electric kettles manufactured for domestic use keep water at a rolling boil for less than one minute (typically about 15 s) while the instant boiling water units can keep water at ∼100 W C for long periods (minutes to hours), depending on how frequently they are used.
Some instant boiling water units have a built-in filtration unit. There is no published literature on the effects of these newer devices on drinking water DBP levels.
Estimates of individual intake of DPBs are commonly based on information on DBP concentrations in tap water, self-report of water consumption and information regarding how the water was processed (treatment plant) before it was consumed. However, even when this information is available, it is insufficient to accurately quantify individual intake of DBPs from drinking water. We undertook to determine the effects on drinking water DBP concentrations of different approaches to water processing that are now in common use in households or workplaces.
METHODS

Study design and sample size calculations
We conducted a cross-sectional survey of chloraminated water drawn from drinking water taps in 18 workplaces and two residences in Sydney, Australia. Four water treatment approaches were tested: water stored in a closed vessel in a refrigerator for 5 h; water filtered using a domestic jug filter; water boiled in a domestic electric kettle for 15 s;
and water obtained from an instant boiling water unit, with or without a built-in filter. Where possible, water samples in each location were tested using each approach.
We separately estimated the sample sizes required to detect expected differences in mean DBP concentrations in tap water and processed water for each processing method.
Estimations were based on having 80% power to detect a difference at a 5% significance level, using a paired t-test.
Resource limitations dictated that we use the minimum sample sizes necessary for the study. Values for the standard deviations and mean differences expected were obtained from a pilot study, which we conducted before the field survey, and from existing literature (Levesque et al. ) .
The expected mean difference for refrigerator storage was very low (3%). Thus for this process we based sample size calculations on detecting a 50% change in concentration. For other processes, the expected differences were much greater (from a 90% reduction of THMs in filtered water to a 40% increase in DCAAs in instant boiling water), and for these we aimed for a sufficient sample to detect the expected mean difference. While samples were collected from 20 locations, fewer samples were analysed for some DBP species and processing combinations when they were sufficient to meet our power requirements as indicated by the numbers given in Table 1 .
Collection and processing of water samples
Tap water samples
The tap water samples were collected according to a prespecified protocol to avoid air bubbles and air spaces in the samples. To stabilise the sample and to avoid further formation of DBPs, 1ml of a 20% sodium thiosulphate solution was added to each sample. Separate samples were collected for analysis of HAAs and THMs. Samples were stored on ice for transportation and in a refrigerator (4 W C temperature or less) pending transport to the laboratory.
Refrigerator storage samples
Samples for refrigerator storage were collected directly into large closed containers with about 5% air space, placed in a refrigerator and held at a temperature of 4 W C for five hours.
Samples for analysis were then collected from the containers and treated as above.
Jug-filtered samples
Tap water was collected directly into a domestic jug fitted with ion exchange and activated carbon filtration. Such filter systems are designed to reduce heavy metals, carbonate hardness, tastes and odours (such as those of chlorine), some pesticides and organic impurities. Samples were collected for analysis immediately after approximately one litre of water had passed through the filter.
Kettle-boiled water
Before sample collection, we tested a domestic electric kettle and noted that it kept water at a rolling boil for 10-15 s before automatically switching off (three tests). One litre of tap water was boiled in the kettle, poured into a container and kept at room temperature for 5 min to reflect real-life conditions for drinking hot beverages. Samples for analysis were then collected, sealed, kept at room temperature until they were just warm to touch and then placed on ice or refrigerated.
Instant boiled and instant boiled and filtered water
One litre of water was collected from each instant boiled or instant boiled and filtered water unit into a container and kept at room temperature for 5 min before samples were collected for analysis as described above for kettle-boiled water.
These units are in common use in Australia and many other countries (ZIP Industries ).
All the samples were processed in situ, and all the filters and kettles were the same. The instant boilers were not the same model but were functionally the same.
Analysis of water samples
The water samples were analyzed in a laboratory with Australian National Association of Testing Authorities accreditation for the analysis of DBPs in drinking water.
The laboratory also carries out routine DBP analyses for the Sydney water supply utility using the United States Environmental Protection Agency methods for analysis (EPA a, b) . Nine species of haloacetic acids (bromoacetic acids (BAA), bromochloroacetic acids (BCAA), bromodichloroacetic acids, chloroacetic acids (CAA), chlorodibromoacetic acids (CDBAA), dibromoacetic acids (DBAA), DCAAs, tribromoacetic acids and TCAA) and four species of trihalomethanes (chloroform, bromodicholoromethane (BDCM), dibromochloromethane (DBCM) and bromoform) were analyzed. The degree of measurement error in the laboratory was reported as ± 30% for HAAs and ± 25% for THMs.
Statistical analysis
We calculated geometric mean DBP concentrations for the water pre and post household treatment and also calculated the applicable percentage reductions or increases in DBPs. Samples below the detection limit were randomly assigned a value from a uniform distribution of values from 0 to 1 (detection limit 1 μg/L) for the following samples:
• Kettle-boiled water -DCAA (1);
• Instant boiling water -TCAA (9), BCAA (2), BDCM (4);
• Jug-filtered water -DCAA (1), TCAA (1), BDCM (1);
• Instant boiling filtered water -DCAA (1), BCAA (3), chloroform (1), BDCM (3), DBCM (4). Not detectable in all or all but one sample. e THAA is the sum of dichloroacetic acids, trichloroacetic acids and BCAA; TTHM is the sum of chloroform, BDCM and DBCM.
The statistical significance of differences between DBP concentrations in the tap water before and after processing was analysed using paired t-tests. Geometric means were used because the data were not normally distributed. Values below the detection limit (detection limit was 1 μg/L), which were common for some species (e.g. 9 out of 11 in TCAA in instant boiling water), were substituted using a value from a distribution, assuming that all the non-detectable values were uniformly distributed between zero and the detection limit (Lin & Niu ) . In some cases (e.g. DBCM in kettle-boiled water) all or all but one values were below the detection limit and the paired t-test was done on the simulated values. The final means and 95% confidence intervals (CIs) were obtained by running 10,000 simulations for each measurement with a value below the detection limit (see Appendix 1, available online at http:// www.iwaponline.com/jwh/009/155.pdf).
RESULTS
Results are presented as absolute values (geometric mean DBP concentrations) (Table 1) , and as percentages (of the concentration in water drawn straight from the water supply) remaining after processing (Table 2) The geometric mean DPB concentrations in tap water expressed as a percentage of their mean concentrations in Table 2 are the processing weights that could be used when estimating individuals' intakes of DBPs.
DISCUSSION
Large reductions in concentrations of all species of DBPs were observed after filtering water and using water from instant boiler units that had a built-in filtration unit. For filtered water, the reduction in concentration was substantial and statistically significant for all DBP species. For kettleboiled and instant boiled water, the reduction in concentration was large for THMs, but there were small increases for some HAAs. Refrigerator storage did not substantially reduce any of the DBP species.
The fact that filtration reduced THM concentrations more than HAA concentrations was also observed by Levesque et al. () , and the amount of reduction we observed was very similar to previous studies (Levesque et al. ; Weinberg et al. ) . The reduction in THMs due to boiling water was comparable to that reported by Krasner & Wright () (although the authors may well have meant heating rather than a rolling boil), and was a little greater than that reported by Levesque et al. () .
The decrease in THMs reflects their volatility (Batterman et al. ; Wu et al. ) . Although THM formation occurs during the first minute of boiling, the volatilization becomes dominant after this, which results in an overall reduction in concentration (Wu et al. ) .
The increase in DCAA and BCAA in kettle-boiled water and DCAA in instant boiled water is consistent with a previous study where chloraminated tap water was boiled in a kettle (Krasner & Wright ) . This study found a 9% decrease in DCAA and 4% increase in BCAA after one minute boiling. However, in contrast to that study, we found a 53% reduction of BCAA in instant boiled water; all of our samples came from chloraminated tap water. Therefore, it appears that kettle boiling and the production of This inconsistency with our findings could be due to the fact that our water was chloraminated.
Our study has several limitations. The limited sample sizes for refrigerator storage meant the study was underpowered to allow precise assessment of the observed 9
and 5% falls in arithmetic mean total HAAs and total
THMs. The relatively high detection limit of the analytical laboratory resulted in many observations being reported as non-detectable, which prevented us from precisely estimating the effects of filtering and boiling, methods which were associated with considerable decreases in DBP concentrations. 
CONCLUSION
Different methods used for processing household drinking water after it is drawn from the supply, particularly boiling and filtering, can materially alter DBP concentrations.
These changes differ depending on the type of DBP (HAAs or THMs) and, for HAAs, the species, and the type of treatment used for the water supply as a whole (chlorinated or chloraminated). Collection of data on water processing and its use to adjust estimates of individual DBP uptake should be considered in epidemiological studies of the health effects of exposure to DBPs.
